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Cambridge ,  M A 0213 9 
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Abstrac t 

This paper attempts to define Behavior-Based 
Artificia l  Intelligenc e (AI )  a s a  ne w approac h 
t o th e stud y o f  Intelligence .  I t  distinguishe s thi s 
approac h fro m th e traditiona l  Knowledge-Base d 
approac h i n term s o f  th e question s studied ,  th e 
solution s adopte d an d th e criteri a use d fo r  suc -
cess .  I t  doe s no t  limi t  Behavior-Base d A I  t o th e 
stud y o f  robots ,  bu t  rathe r  present s i t  a s a  gen -
era l  approac h fo r  buildin g autonomou s system s 
tha t  hav e t o dee d wit h multiple ,  changin g goal s 
i n a  dynamic ,  unpredictabl e environment . 

1. Why this paper? 

Since 1985, a new wave has emerged in the study 
of  Artificia l  Intelligenc e (AI) .  A t  th e sam e m o m e n t 
at  whic h th e popular ,  genera l  belie f  i s  tha t  A I  ha s 
bee n a  "failure" ,  m a n y insider s believ e tha t  some -
thin g excitin g i s  happening ,  tha t  ne w lif e i s  be -
in g brough t  t o th e field.  Th e ne w wav e ha s bee n 
terme d "behavior-base d AI "  a s oppose d t o main -
strea m "knowledge-base d AI" ,  o r  als o "bottom-u p 
AI "  versu s "top-dow n AI" .  Finally ,  th e ter m "ani -
mat  approach" ,  whic h wa s coine d b y Wilso n (1985) , 
i s  als o frequentl y used .  Thi s pape r  attempt s t o de -
scrib e wha t  Behavior-Base d A I  i s  abou t  an d ho w 
i t  differ s fro m Knowledge-Base d AI .  I t  argue s tha t 
Behavior-Base d A I  pose s problem s i n a  differen t 
way,  investigate s interestin g ne w technique s an d ap -
plie s a  se t  o f  differen t  criteri a fo r  success . 

Severa l  peopl e hav e trie d t o defin e Behavior-Base d 
AI ,  a m o n g other s Brook s (1991) ,  Wilso n (1991 )  an d 
Meyer  (1991) .  Ther e ar e severa l  reeison s fo r  givin g 
i t  ye t  anothe r  try .  Firs t  o f  al l  m a n y researcher s ar e 
stil l  sceptica l  abou t  th e approach .  S o m e clai m tha t 
i t  isn' t  ver y differen t  fro m wha t  the y hav e bee n do -
in g al l  along .  Other s ar e stil l  no t  convince d tha t 

"Reprinte d wit h permissio n from :  "Fro m Animal s 
t o Animat s 2 :  Proceeding s o f  th e Secon d Internationa l 
Conferenc e o n Simulatio n o f  Adaptiv e Behavior "  edite d 
by J.A .  Meyer ,  H .  Roitbla t  an d S .  Wilson ,  M I T Pres s 
1993 . 

th e approac h i s  founde d an d scientific .  A  secon d 
reaso n i s tha t  thi s accoun t  i s differen t  fro m th e pa -
per s liste d above .  Brooks ,  bein g on e o f  th e mai n 
originator s o f  thi s ne w approach ,  present s a  pictur e 
whic h i s  restricte d toward s roboti c form s o f  intelli -
genc e (Brooks ,  1991) . 

Thi s pape r  present s a  mor e genera l  perspective . 
I t  argue s tha t  th e behavior-base d approac h i s appro -
priat e fo r  th e clas s o f  problem s tha t  requir e a  syste m 
t o autonomousl y fulfil l  severa l  goal s i n a  dynamic , 
unpredictabl e environment .  Thi s include s applica -
tion s suc h a s interfac e agent s (Maes ,  1992b) ,  proces s 
schedulin g (Maloneet.al. ,  1988) ,  an d s o on .  Wilson' s 
accoun t  (1991 )  focuse s o n a  scientifi c  methodolog y 
fo r  Anima t  research ,  whil e Meye r  (1991 )  aim s t o giv e 
an overvie w o f  th e researc h performe d s o far . 

Definin g a  ne w approac h i s a  difficul t  an d trick y 
thin g t o do .  I n particular ,  i t  i s  dangerou s t o dra w 
soli d line s betwee n th e differen t  approache s an d t o 
forc e example s o f  researc h t o fit  int o on e o f  them . 
For  th e sak e o f  clarit y th e remainde r  o f  th e pape r 
present s Knowledge-Base d A I  an d Behavior-Base d 
as tw o extremes .  Th e reade r  shoul d kee p i n min d 
tha t  concret e example s o f  researc h ar e ofte n situ -
ate d alon g th e continuu m betwee n th e tw o extrem e 
position s presente d her e an d tha t  thos e intermediat e 
position s ar e vali d one s t o adopt . 

Th e pape r  i s  structure d a s follows .  Sectio n 2 
distinguishe s th e goa l  an d emphasi s o f  Knowledge -
Base d A I  wit h thos e o f  Behavior-Base d AI .  Sec -
tio n 3  discusse s th e solution s investigate d b y th e 
Knowledge-Base d Approach .  Th e nex t  chapte r  list s 
some o f  th e ke y insight s whic h underli e th e Behavior -
Base d approach .  Sectio n 5  elaborate s upo n th e so -
lution s adopte d b y Behavior-Base d AI .  Sectio n 6 
discusse s som e example s contrastin g th e tw o ap -
proaches .  Finall y sectio n 7  contain s som e critica l 
comment s abou t  th e progres s m a d e s o far . 

2. Goals of the Two Approaches to AI 

The goa l  o f  bot h Knowledge-Base d A I  an d Behavior -
Based A I  i s t o synthesiz e computationa l  form s o f 
intelligen t  systems .  Bot h approache s attemp t  t o 
model  intelligen t  phenomen a suc h a s goal-directe d 
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behavior ,  prediction ,  learning ,  communicatio n an d 
cooperation .  Knowledge-Base d A I  ha s traditionall y 
emphasize d th e modelin g an d buildin g o f  system s 
tha t  "know "  abou t  som e proble m domain .  Thes e 
system s mode l  th e domai n an d ca n answe r  question s 
abou t  thi s proble m domain ,  ofte n involvin g j'xteii -
siv e proble m solvin g an d reasoning .  Behavior-base d 
AI  o n th e othe r  han d ha s emphasize d th e model -
in g an d buildin g o f  system s tha t  "behave "  i n som e 
proble m domain . 

Mor e specifically ,  "main-stream "  Knowledge -
Based A I  ca n b e characterize d a s typicall y studyin g 
system s wit h th e followin g characteristics : 

1.  The y mode l  isolated ,  ofte n advanced ,  compe -
tence s (e.g .  medica l  diagnosis ,  ches s playing ,  etc) . 
The y rathe r  provid e "depth "  tha n "width "  i n 
thei r  expertise . 

2. They are "closed", in the sense that there is no 
direc t  interactio n wit h th e proble m domai n abou t 
whic h the y encod e knowledg e an d solv e problems . 
Thei r  onl y connectio n wit h th e environmen t  i s th e 
user .  Th e use r  recognize s a  proble m i n th e do -
main ,  describe s i t  t o th e syste m i n th e symboli c 
languag e whic h th e syste m understands .  Th e sys -
te m the n return s a  symboli c descriptio n o f  a n 
answer  o r  solution ,  whic h the n ha s t o b e imple -
mente d b y th e use r  i n th e actua l  domain . 

3. They deal with one problem at a time. Often, they 
do no t  hav e tim e constraint s fo r  solvin g th e prob -
le m (althoug h th e use r  might )  an d d o no t  hav e t o 
deal  wit h interrupts .  Fro m th e system' s poin t  o f 
vie w th e proble m domai n doe s no t  chang e whil e 
th e syste m i s computing .  The y als o d o no t  hav e t o 
deal  wit h multipl e problem s simultaneously .  The y 
ar e give n on e proble m a t  a  tim e b y th e user . 

4. They have declarative "knowledge structures", 
whic h mode l  aspect s o f  th e domai n o f  expertise . 
Al l  o f  th e interna l  structures ,  apar t  fro m a n inter -
prete r  ar e static .  Th e syste m i s onl y activ e whe n 
a proble m i s pose d b y th e user ,  i n whic h cas e th e 
interprete r  use s th e stati c knowledg e structure s t o 
determin e th e solutio n t o th e problem . 

5. They are not usually concerned with the develop-
menta l  aspect ,  o r  ho w th e knowledg e structure s 
got  ther e i n th e first  plac e an d ho w the y shoul d 
chang e ove r  time .  The y d o no t  hav e t o b e adap -
tiv e t o changin g situation s (component s breakin g 
down,  etc) .  A t  th e mos t  som e for m o f  knowledg e 
compilatio n o r  knowledg e optimizatio n i s incorpo -
rated . 

6. In the few cases where an autonomous system (e.g. 
a robo t  o r  a n interfac e agent )  i s  bein g modelled ,  a 
centra l  syste m whic h ha s al l  o f  th e abov e charac -
teristic s i s augmente d wit h a  perceptio n modul e 
and a n executio n modul e whic h tak e ove r  par t  o f 

th e rol e o f  th e h u m a n interface .  Th e perceptio n 
modul e ha s t o recogniz e th e curren t  situatio n an d 
translat e i t  int o a  symboli c descriptio n fo r  th e cen -
tra l  system .  Th e "problem "  o r  goa l  i s  usuall y stil l 
specifie d i n symboli c term s b y a  human .  Th e ex -
ecutio n modul e i s responsibl e fo r  "implementing " 
th e descriptio n o f  th e solutio n produce d b y th e 
centra l  syste m i n th e proble m domain . 

In contrast, Behavior-Based AI has typically studied 
th e followin g typ e o f  system : 

1. It has multiple integrated competences. Typically 
th e competence s ar e lower-leve l  (a s oppose d t o ex -
per t  level) .  Fo r  a  robo t  thes e ar e competence s 
suc h a s locomotion ,  navigation ,  survival ,  collect -
in g objects ,  etc .  Fo r  othe r  system s thes e migh t  b e 
othe r  simpl e competences ,  lik e reactin g i n a  mar -
ket  syste m b y simpl e biddin g an d buyin g behav -
ior s (Malon e et.al. ,  1988 )  o r  executin g a  simpl e 
routin e i n th e cas e o f  a n interfac e agen t  (Maes , 
1992b )  (Koziero k an d Maes ,  1992) . 

2. The system is "open" or "situated" in its environ-
ment .  I t  i s  directl y connecte d t o it s proble m do -
mai n throug h sensor s an d effectors .  I t  ca n affec t 
or  chang e thi s domai n throug h it s output .  Th e 
proble m domai n i s typicall y ver y dynamic ,  whic h 
means tha t  th e syste m ha s a  limite d amoun t  o f 
tim e t o act .  Th e domai n i s usuall y als o ver y com -
plex .  Unpredictabl e event s happe n al l  th e time .  I t 
typicall y als o involve s othe r  actin g agent s (huma n 
and/o r  artificial) . 

3. The emphasis is on autonomy: the system is com-
pletel y self-contained .  I t  ha s t o monito r  th e do -
mai n an d figure  ou t  b y itsel f  wha t  th e proble m t o 
be solve d nex t  is .  Typicall y i t  ha s t o dea l  wit h 
m a ny conflictin g goal s simultaneously . 

4. Rather than on knowledge, the emphasis is on 
th e resultin g behavio r  o f  th e system .  It s interna l 
structure s ar e activ e "behavio r  producing "  mod -
ule s a s oppose d t o stati c "knowledg e structures" . 
The y d o no t  hav e t o b e initiate d b y a  goa l  for -
mulatio n fro m th e user .  I t  i s  les s importan t  tha t 
th e syste m ca n answe r  question s abou t  it s prob -
le m domai n (suc h a s ho w t o solv e particula r  prob -
lems) .  I t  i s  als o les s importan t  tha t  th e use r  i s 
abl e t o inspec t  th e interna l  structure s an d identif y 
thos e tha t  ar e responsibl e fo r  particula r  aspect s 
of  th e behavior .  Fo r  example ,  i t  i s  acceptabl e fo r 
goal s o r  plannin g t o b e emergen t  observabl e prop -
erties ,  whic h canno t  b e attribute d t o particula r 
interna l  structures . 

5. Finally, there is a strong emphasis on "adapta-
tion "  an d o n a  "developmenta l  approach" .  Thi s 
ofte n mean s tha t  th e syste m improve s it s o w n 
structure s (an d thu s behavior )  ove r  tim e base d o n 
it s ow n experienc e i n th e environment .  I n othe r 
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cases ,  thi s mean s tha t  a n incrementa l  approac h i s 
taken :  th e use r  graduall y evolve s a  mor e sophis -
ticate d syste m b y addin g structur e t o a n alread y 
existin g "working "  system . 

One ca n conclud e fro m th e abov e discussio n tha t 
i t  i s  har d t o compar e th e Knowledge-Base d an d 
Behavior-Base d approac h becaus e the y typicall y 
stud y differen t  classe s o f  problems :  knowledg e ver -
sus behavior ,  a  singl e high-leve l  competenc e versu s a 
rang e o f  low-leve l  competences ,  user-drive n compu -
tatio n versu s autonomou s systems ,  an d s o on .  Bot h 
classe s o f  problem s ar e interestin g i n thei r  ow n right . 
So far ,  neithe r  approac h ha s show n muc h succes s 
dealin g wit h th e proble m claisse s concentrate d o n b y 
th e othe r  approach .  A s lon g a s i t  remain s t o b e see n 
whethe r  eithe r  on e wil l  b e abl e t o broade n it s do -
mai n o f  succes s i n significan t  ways ,  bot h type s o f 
researc h at e necessar y an d complementary . 

3. Solutions investigated by 

Knowledge-Base d A I 

The differenc e betwee n Knowledge-Base d A I  an d 
Behavior-Base d A I  lie s no t  onl y i n th e problem s tha t 
ar e studied ,  bu t  als o i n th e technique s an d solution s 
tha t  ar e explored .  Th e solution s typicall y adopte d 
i n main-strea m A I  project s ca n b e characterize d a s 
follows : 

Modular Decomposition 

The intelligen t  syste m i s decompose d alon g "func -
tiona l  modules "  suc h a s perception ,  execution ,  natu -
ra l  languag e communicatio n (th e periphera l  compo -
nents) ,  a  learner ,  planne r  an d inferenc e engin e (th e 
centra l  system s components) .  Thes e module s ar e 
typicall y develope d independently .  The y rel y o n th e 
"centra l  representation "  a s thei r  mean s o f  interface . 
The centra l  representatio n include s thing s suc h a s 
belief s (update d b y perception ,  als o rea d an d aug -
mente d b y th e inferenc e engin e an d th e natura l  lan -
guag e component) ,  desire s (o r  goals )  an d intention s 
(produce d b y planner) . 

Approach 

Typicall y al l  o f  thes e functiona l  component s ar e a s 
genera l  an d domain-independen t  a s possible .  Th e 
hope i s tha t  th e sam e functiona l  component s ca n 
be use d fo r  differen t  proble m domain s ( a genera l 
domain-independen t  planner ,  learner ,  etc) .  Th e 
onl y componen t  whic h need s t o b e adapte d i s 
th e centra l  representation ,  whic h contain s domain -
specifi c  informatio n suc h a s heuristi c knowledge . 

Role of Representation 

The ke y issu e o n whic h emphasi s i s lai d i s a  com -
plete ,  correc t  interna l  model ,  a  perfec t  cop y o f  th e 
worl d (wit h al l  it s  object s an d relationships )  insid e 
th e system ,  whic h th e syste m ca n rel y o n t o predic t 
ho w th e proble m ca n b e solved . 

Organizatio n 

The organizatio n o f  th e differen t  module s withi n th e 
syste m i s completel y sequential .  Th e module s tak e 
turn s bein g "active "  o r  processin g an d changin g th e 
interna l  representations .  Perceptio n an d inferenc e 
firs t  updat e th e interna l  mode l  (belief s an d goals) . 
Afte r  that ,  plannin g o r  proble m solvin g produc e a 
descriptio n o f  th e solutio n t o th e proble m ( a pla n o r 
th e answe r  t o a  question) .  Finall y eithe r  th e execu -
tio n modul e o r  a  huma n implement s th e solutio n i n 
th e domai n (th e latte r  on e havin g mor e knowledg e 
and understandin g o f  th e situatio n tha n th e forme r 
one) . 

Model of Activity 

Activit y i s  modele d purel y a s th e resul t  o f  a  "delib -
erativ e thinking "  process .  Th e centra l  syste m eval -
uate s th e curren t  situatio n (a s represente d i n th e 
interna l  model )  an d use s a  searc h proces s t o sys -
tematicall y explor e th e differen t  way s i n whic h thi s 
situatio n ca n b e affecte d s o a s t o achiev e th e desire d 
goals . 

Role of Learning 

Learnin g typicall y consist s o f  compilatio n o r  refor -
mulatio n o f  wha t  th e syste m alread y knows .  Fo r 
example ,  th e syste m migh t  cach e a  pla n fo r  late r 
reuse .  Ver y seldo m i s ther e learnin g o f  ne w infor -
matio n o r  correctio n o f  existin g knowledg e base d o n 
environmenta l  feedback .  Thi s implie s tha t  th e pro -
grammer  i s completel y responsibl e fo r  creatin g a n 
initia l  complet e an d correc t  model . 

The Knowledge-Based approach has produced 
severa l  successes ,  i n particula r  i n th e are a o f  knowl -
edge system s assistin g expert s wit h th e modellin g 
of  an d reasonin g abou t  a  specifi c  proble m domain . 
For  a  rang e o f  reason s th e approac h ha s prove n non -
satisfactor y whe n dealin g wit h th e clas s o f  problem s 
Behavior-Base d A I  i s intereste d in .  Severa l  experi -
ment s whic h attempte d t o us e th e abov e approac h 
fo r  constructin g autonomou s system s operatin g i n 
dynamic  environment s hav e ru n int o th e followin g 
problems ^ 

•  Th e resultin g system s ca n b e slow ,  becaus e o f  th e 
sequentia l  processin g o f  informatio n an d becaus e 
of  th e hig h computationa l  cos t  involve d i n main -
tainin g a  mode l  an d doin g genera l  perceptio n an d 
planning . 

• The resulting systems can be inflexible. They have 
difficult y reactin g fas t  t o change s i n th e environ -
ment .  The y d o no t  dea l  ver y wel l  wit h unexpecte d 

'Se e fo r  exampl e th e literatur e o n th e Shake y projec t 
(Nilsson ,  1984 )  o r  th e mor e recen t  Amble r  projec t  (Bare s 
et.al. ,  1989 )  fo r  example s o f  thi s approac h i n th e stud y 
of  autonomou s robots .  SuUiva n an d Tyle r  (1991 )  presen t 
an exampl e o f  thi s approac h i n th e are a o f  interfac e 
agents . 
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opportunitie s o r  contingencies .  Thi s i s partl y du e 
t o th e fac t  tha t  change s hav e t o propagat e throug h 
many sequentia l  layer s befor e the y affec t  th e ac -
tion s take n b y th e system .  Anothe r  reaso n i s tha t 
thes e systems  ar e buil t  o n th e assumption s tha t 
fe w o r  n o unpredictabl e change s wil l  happen . 

• The resulting systems tend to be brittle. They 
fai l  i n situation s tha t  onl y diffe r  slightl y fro m th e 
ones the y ar e programme d for .  The y d o no t  sho w 
gracefu l  degradatio n o f  performanc e a s compo -
nent s brea k down .  Fo r  example ,  i f  th e perceptio n 
modul e canno t  mak e sens e o f  th e curren t  situa -
tion ,  th e whol e syste m migh t  brea k down . 

• In practice it proves to be hard to relate the sym-
bol s i n th e interna l  mode l  (representin g object s 
and relation s i n th e domain )  t o physica l  stimuli . 
I t  i s  har d t o kee p trac k o f  objec t  identities ,  ofte n 
th e senso r  dat a ar e ambiguous ,  erroneous ,  incon -
sistent ,  an d s o on . 

• In practice it also proves to be hard to hand-build 
a complet e an d consisten t  mode l  o f  th e environ -
ment  whic h th e syste m ca n rel y o n t o mak e pre -
dictions . 

• Another practical problem is that of combinatorial 
explosions .  Genera l  plannin g an d proble m solv -
in g hav e prove n t o b e a  computationall y expensiv e 
proces s (Chapman ,  1987) . 

• Several theoretical problems have come up, which 
remai n unsolve d i n satisfactor y ways .  Example s 
of  suc h problem s ar e th e fram e proble m an d th e 
proble m o f  non-monotoni c reasoning . 

4. Important Insights of 

B e h a v i o r - B a s e d A I 

Th e method s develope d b y Behavior-Base d A I  i n re -
spons e t o th e problem s o f  Knowledge-Base d A I  tech -
nique s liste d above ,  ar e grounde d i n tw o importan t 
insightŝ : 

•  Lookin g a t  complet e system s change s th e prob -
lem s ofte n i n a  favorabl e way . 

• Interaction dynamics can lead to emergent com-
plexity . 

A firs t  realizatio n i s tha t  viewin g th e proble m 
of  buildin g a n intelligen t  syste m i n it s contex t  ca n 
make thing s a  lo t  easier .  Thi s observatio n i s tru e a t 
severa l  levels : 

1.  Th e intelligen t  function s whic h ar e bein g modelle d 
ar e par t  o f  a  complet e intelligen t  system .  Buildin g 
system s i n a n integrate d wa y (rathe r  tha n devel -
opin g module s implementin g thes e function s in -
dependently )  ofte n make s th e tas k a  lo t  easier . 
For  example ,  a  syste m whic h ca n lear n ha s t o rel y 

^Notice that I do not credit Behavior-Based AI with 
th e discover y o f  thes e insights . 

les s o n plannin g (becaus e i t  ca n cach e compute d 
plans) .  A  syste m whic h ha s sensor s an d actuator s 
ca n perfor m test s i n th e environmen t  an d a s suc h 
has les s o f  a  nee d fo r  modellin g an d inference .  A 
syste m whic h ha s sensor s ha s a n easie r  jo b dis -
ambiguatin g natura l  languag e utterance s an d s o 
on. 

2. The complete system is part of some environment, 
i t  i s  situate d i n som e space .  Thi s implie s tha t 
ther e i s les s o f  a  nee d fo r  modeling ,  becaus e th e 
"worl d i s it s ow n bes t  model "  (Brooks ,  1991) .  Th e 
environmen t  ca n als o b e use d a s a n externa l  m e m-
or y (e.g .  fo r  remindin g th e syste m whic h task s stil l 
hav e t o b e performe d an d whic h one s i t  alread y 
di d perfor m (Suchman ,  1987) .  Th e environmen t 
usuall y ha s particula r  characteristic s whic h ca n b e 
exploite d b y th e syste m (office s consis t  o f  vertica l 
wall s an d horizonta l  floors ,  door s typicall y hav e a 
particula r  size ,  etc) .  Thes e "habita t  constraints " 
can b e exploite d b y th e system ,  makin g it s tas k 
much easie r  (Horswill ,  1992) . 

3. The system is not only situated in space, but also 
i n time .  Thi s implie s tha t  th e syste m ca n evolv e 
itsel f  s o a s t o becom e bette r  a t  it s task ,  i f  tim e an d 
th e particula r  tas k admit s (eithe r  throug h individ -
ual  learnin g o r  som e sor t  o f  artificia l  evolution) . 
T im e als o allow s fo r  th e constructio n o f  a n itera -
tive ,  incrementa l  solutio n t o a  problem .  Fo r  ex -
ample ,  a  natura l  languag e syste m situate d i n tim e 
does no t  nee d t o disambiguat e ever y utterance .  I t 
ca n g o bac k an d fort h askin g question s o r  makin g 
particula r  remark s whic h wil l  hel p t o graduall y 
disambiguat e whateve r  th e othe r  speake r  want s 
t o convey . 

4. Finally the system is typically also part of a so-
ciety .  Othe r  agent s i n th e sam e environmen t  ar e 
dealin g wit h simila r  problems .  Therefor e ther e i s 
no nee d fo r  th e agen t  t o figur e everythin g ou t  b y 
itself .  Fo r  example ,  a  mobil e robo t  coul d us e th e 
strateg y o f  closel y followin g a  perso n passin g by , 
so a s t o achiev e th e competenc e o f  navigatin g i n a n 
offic e environmen t  withou t  bumpin g int o things . 
Koziero k an d Mae s (1992b )  repor t  o n som e experi -
ment s i n whic h interfac e agent s learne d t o perfor m 
certai n task s b y observin g an d imitatin g users . 

As a  consequenc e o f  th e abov e ideas ,  Behavior -
Based A I  ha s concentrate d o n modellin g system s i n 
thei r  context .  Whil e traditiona l  A I  ha s concentrate d 
on simulate d to y examples ,  Behavior-Base d A I  ha s 
buil t  "real "  system s whic h solv e a n actua l  (small ) 
proble m i n a  concret e environment . 

A secon d majo r  insigh t  o f  Behavior-Base d A I  i s 
tha t  interactio n dynamic s amon g simpl e component s 
ca n lea d t o emergen t  complexit y (se e als o Resnick , 
1992) .  Als o thi s ide a applie s a t  severa l  differen t  lev -
el s (Brooks ,  1991b) : 

1.  Simpl e interactio n dynamic s betwee n th e syste m 
and it s environmen t  ca n lea d t o emergen t  struc -
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tur e o r  emergen t  functionality .  Simo n (1968 )  give s 
an exampl e o f  a n an t  o n th e beach .  H e note s tha t 
th e complexit y o f  it s  behavio r  i s mor e a  reflectio n 
of  complexit y o f  environmen t  tha n o f  it s ow n in -
terna l  complexit y an d postulate s tha t  th e sam e 
migh t  b e tru e o f  huma n behavior .  Agr e (1991 ) 
shows ho w behavio r  a s comple x a s goal-directe d 
actio n sequence s ca n b e a n observable ,  emergen t 
propert y o f  th e interactio n dynamic s betwee n th e 
environmen t  an d a  reflex-guide d person .  Thi s 
means tha t  ofte n i t  i s sufficien t  t o stud y th e par -
ticula r  propertie s o f  th e environmen t  an d find  a n 
interactio n loop ,  a  se t  o f  simpl e feedbac k o r  refle x 
mechauiisms ,  whic h wil l  produc e th e desire d be -
havior .  On e o f  th e implication s i s tha t  w e nee d a 
bette r  understandin g o f  environment s (Horswill , 
1992) ,  (Wilson ,  1991) .  I t  als o mean s tha t  i f  w e 
want  t o prov e aspect s abou t  th e resultin g per -
formanc e o f  Behavior-Base d systems ,  w e hav e t o 
model  thes e system s a s wel l  a s thei r  environments . 

2. Simple interaction dynamics between the compo-
nent s o f  th e syste m ca n lea d t o emergen t  structur e 
or  emergen t  functionality .  Fo r  example ,  Mataric' s 
wall-followin g robo t  doe s no t  hav e a  singl e com -
ponen t  t o whic h th e expertis e o f  wall-followin g 
can b e attribute d (Mataric ,  1991) .  On e modul e 
i s responsibl e fo r  steerin g th e robo t  toward s th e 
wal l  whe n th e distanc e t o th e wal l  i s  abov e som e 
threshol d whil e anothe r  modul e i s responsibl e fo r 
steerin g th e robo t  awa y fro m th e wal l  whe n th e 
distanc e i s belo w som e threshold .  Neithe r  on e 
of  thes e module s i s primaril y "responsible "  fo r 
th e wal l  followin g behavior .  I t  i s  thei r  interac -
tio n dynamic s whic h make s th e robo t  follo w wall s 
reliably .  I n Maes '  network s (1990) ,  non e o f  th e 
componen t  module s i s responsibl e fo r  actio n selec -
tion .  Th e actio n selectio n behavio r  i s a n emergen t 
propert y o f  som e activation/inhibitio n dynamic s 
among th e primitiv e component s o f  th e system . 

3. Finally interaction dynamics between the com-
ponen t  system s i n a  socia l  syste m ca n lea d t o 
emergen t  structur e o r  functionality .  Deneubour g 
(1991 ,  1992 )  describe s ho w socia l  insect s followin g 
simpl e loca l  rule s ca n produc e emergen t  complex -
it y suc h a s a  pat h t o a  foo d source ,  foo d forag -
in g trees ,  etc .  Malone' s collectio n o f  autonomou s 
biddin g system s solve s th e complicate d tas k o f 
process-processo r  allocatio n (Malon e et.al. ,  1988) . 
Finally ,  anthropologist s hav e studie d th e socia l 
constructio n o f  difi"eren t  concept s an d method s 
(Suchman ,  1987 )  (Shrage r  an d Callanan ,  1991) . 

Importan t  i s tha t  suc h emergen t  complexit y i s  of -
te n mor e robust ,  flexible  an d fault-toleran t  tha n pro -
grammed,  top-dow n organize d complexity .  Thi s i s 
th e cas e becaus e non e o f  th e component s i s reall y 
i n charg e o f  producin g thi s complexity .  Non e o f  th e 
component s i s mor e critica l  tha n anothe r  one .  Whe n 
one o f  the m break s down ,  th e syste m demonstrate s 
a gracefu l  degradatio n o f  performance .  Sinc e al l  o f 

th e component s interac t  i n parallel ,  th e syste m i s 
als o abl e t o adap t  quicke r  t o environmenta l  changes . 
Ofte n th e syste m explore s multipl e solution s i n par -
allel ,  s o tha t  a s soo n a s certai n variai>le 8 change ,  th e 
syste m i s abl e t o switc h t o a n alternativ e wa y o f 
doin g things .  Fo r  example ,  i n Msies '  syste m (1990 ) 
severa l  sequence s o f  action s ar e evaluate d i n parallel , 
th e bes t  on e determinin g th e behavio r  o f  th e agent . 
Als o i n Malone' s syste m (Malon e et.al. ,  1988 )  sev -
era l  mapping s o f  processe s t o machine s ca n b e sai d 
t o b e explore d i n parallel . 

5. Solutions Investigated by 

B e h a v i o r - B a s e d A I 

I n sectio n 3  w e liste d th e technique s adopte d b y 
Knowledge-Base d A I  an d discusse d wh y the y prove d 
t o b e inadequat e fo r  buildin g autonomou s system s 
situate d i n dynamic  environments .  Thi s sectio n 
contrast s thes e technique s wit h thos e adopte d b y 
Behavior-Base d AI . 

Modular Decomposition 

Instea d o f  buildin g genera l  functiona l  module s lik e 
perceptio n an d planning ,  Behavior-Base d A I  devel -
ops competenc e modules ,  module s whic h ar e a n ex -
per t  a t  (an d ar e responsibl e for )  a  particula r  smal l 
task-oriente d competence .  Thes e module s inter -
fac e t o on e anothe r  vi a extremel y simpl e message s 
(rathe r  tha n a  common representatio n o f  beliefs , 
etc) .  Th e communicatio n i s almos t  neve r  o f  a 
"broadcast "  nature ,  bu t  happen s rathe r  o n a  one -
to-on e basis .  Typicall y th e message s consis t  o f  acti -
vatio n energy ,  o r  simpl e suppressio n an d inhibitio n 
signals ,  o r  simpl e token s i n a  restricte d language . 
Each o f  th e module s i s directl y connecte d t o rele -
van t  sensor s an d actuators . 

Approach 

Ther e ar e n o "general "  o r  task-independen t  mod -
ules .  Ther e i s n o genera l  perceptio n module ,  n o 
genera l  planner ,  etc .  Eac h o f  th e competenc e mod -
ule s i s responsibl e fo r  doin g al l  th e representation , 
computation ,  "reasoning" ,  execution ,  etc ,  relate d 
t o it s particula r  competence .  Fo r  example ,  a n ob -
stacl e avoidanc e modul e migh t  nee d on e bi t  o f  in -
formatio n t o represen t  whethe r  a n obstacl e i s per -
ceive d o r  not ,  an d i t  migh t  d o som e ver y simpl e 
computatio n t o decid e ho w a n obstacl e shoul d b e 
avoided .  Competenc e module s ar e self-contained , 
blac k boxes .  The y migh t  emplo y completel y differ -
ent  technique s (eve n diff"eren t  hardware )  t o achiev e 
thei r  competence .  Par t  o f  th e reaso n fo r  thi s mor e 
pragmati c approac h i s a  pessimisti c visio n abou t 
whethe r  i t  i s possibl e a t  al l  t o buil d a  genera l  visio n 
system ,  a  genera l  planner ,  et c ( a vie w als o expresse d 
i n (Minsky ,  1986) . 

Role of Representation 

Ther e i s muc h les s emphasi s o n modelin g th e do -
main .  Firs t  o f  all ,  ther e i s n o centra l  representatio n 
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share d b y severa l  modules .  Th e syste m als o doe s no t 
attemp t  t o integrat e th e informatio n fro m differen t 
sensor s int o on e coherent ,  objectiv e interpretatio n 
of  th e curren t  situation .  Instea d ever y task-oriente d 
modul e represent s whateve r  i t  need s t o represen t 
t o achiev e it s  competence .  Thes e reprps<>ntatiori s 
ar e no t  relate d an d migh t  b e inconsisten t  o r  redun -
dant .  Withi n on e competenc e module ,  th e usag e o f 
representation s i s  minimize d i n favo r  o f  employin g 
th e environmen t  a s a  sourc e o f  informatio n (an d a 
determine r  o f  action) .  Th e representation s withi n 
one modul e ar e ofte n o f  a  les s propositional ,  objec -
tiv e an d declarativ e natur e tha n thos e employe d i n 
Knowledge-Base d AI .  Fo r  exampl e the y migh t  inde x 
object s accordin g t o th e feature s an d propertie s tha t 
make the m significan t  t o th e tas k a t  han d (Agre , 
1991 )  rathe r  tha n thei r  identities .  The y ca n b e o f  a 
numeric ,  procedura l  o r  analo g nature .  Ofte n a  lo t  o f 
task-specifi c  "proble m solving "  i s performe d i n th e 
perceptio n par t  o f  a  particula r  competenc e (Steels , 
1990b )  (Chapman ,  1992 )  (Ballard ,  1989) . 

Organization 

Th e system s buil t  ar e highl y distributed .  Al l  o f  th e 
competenc e module s operat e i n parallel .  Non e o f 
th e module s i s "i n control" .  However ,  som e simpl e 
arbitratio n metho d i s ofte n include d i n orde r  t o se -
lec t  o r  fus e multipl e conflictin g actuato r  commands . 
Thi s arbitratio n networ k migh t  b e a  winner-take-al l 
network ,  a s i n (Maes ,  1990 )  o r  a  hardcode d priorit y 
scheme a s i n (Brooks ,  1986) .  Becaus e o f  it s  dis -
tribute d operation ,  a  behavior-base d syste m i s typ -
icall y abl e t o reac t  ver y fas t  t o change s i n th e envi -
ronmen t  o r  change s i n th e need s o f  th e system . 

Model of Activity 

Activit y i s no t  modelle d a s th e resul t  o f  a  delibera -
tiv e process .  Instea d comple x an d goal-directe d ac -
tivit y  i s modele d a s a n emergen t  propert y o f  th e in -
teractio n amon g competenc e module s internally ,  an d 
among competenc e module s an d th e environment . 
Ther e i s n o interna l  structur e correspondin g t o "th e 
plan "  o f  th e system . 

Role of Learning 

Learnin g an d developmen t  ar e considere d crucia l  as -
pect s o f  a  Behavior-Base d Syste m (Wilson,  1985 ) 
(Maes ,  1992) .  Buildin g a n adaptiv e syste m tha t 
wil l  develo p int o on e tha t  achieve s th e tasks ,  i s of -
te n considere d a  bette r  approac h tha n buildin g a 
stati c syste m whic h wil l  no t  chang e whe n th e en -
vironmen t  o r  tas k change s (e.g .  a  robo t  breakin g 
one o f  it s legs) .  I n som e systems ,  th e evolutio n (to -
ward s increasingl y mor e sophisticate d behavior )  i s 
simulate d b y th e programmer ,  e.g .  b y incremen -
tall y addin g mor e structur e t o existin g successfu l 
system s (Brooks ,  1991) .  Othe r  system s emplo y ar -
tificia l  evolutio n (Koza ,  1991 )  o r  learnin g b y th e 
individua l  (Maes ,  1992 )  (Mae s an d Brooks ,  1990 ) 
(Wilson,  1985 )  (Drescher ,  1991 )  (Kaelbling ,  1992 ) 

(Sutton ,  1991) .  I n almos t  al l  cases ,  th e syste m con -
centrate s o n learnin g ne w informatio n (o r  behavior ) 
fro m it s  environmental ,  rathe r  tha n compilin g ex -
istin g information .  Th e learnin g algorithm s ar e im -
plemente d i n a  distribute d way :  typicall y a  simi -
la r  learnin g algorith m run s i n differen t  competenc e 
modules .  Relate d t o th e ide a o f  learnin g i s tha t  o f 
redundancy :  ofte n th e syste m ha s multipl e module s 
fo r  a  particula r  competence .  Experienc e sort s ou t 
whic h o f  thes e module s implement s th e competenc e 
i n a  mor e reliabl e wa y (Maes ,  1992 )  (Payto n et.al. , 
1991 )  (Drescher ,  1991) . 

Systems built using the above principles suffer less 
fro m th e problem s liste d i n sectio n three .  The y ac t 
fast ,  becaus e (1 )  the y hav e les s layer s o f  informatio n 
processing ,  (2 )  the y ar e mor e distribute d an d ofte n 
non-synchronized ,  an d (3 )  the y requir e les s expen -
siv e computation .  The y ar e abl e t o dea l  wit h unfore -
see n situation s (opportunitie s a s wel l  a s contingen -
cies) ,  becaus e the y rel y muc h mor e o n th e environ -
ment  a s a  sourc e o f  informatio n an d a  determine r  o f 
action .  The y ar e les s brittle ,  becaus e (1 )  non e o f  th e 
module s i s mor e critica l  tha n th e others ,  (2 )  the y d o 
not  attemp t  t o full y  understan d th e curren t  situa -
tion ,  (3 )  the y incorporat e redundan t  method s an d 
(4 )  the y adap t  ove r  time .  The y hav e les s troubl e 
relatin g representation s t o senso r  stimuli ,  becaus e 
the y d o no t  attemp t  t o maintai n objectiv e repre -
sentation s o f  th e environment .  Finall y the y ar e no t 
pron e t o problem s o f  combinatoria l  explosions ,  be -
caus e the y d o no t  emplo y traditiona l  searc h pro -
cesses . 

6. Three Examples Contrasting the 

T wo Approache s 

A Mobil e Robo t 

Conside r  a  mobil e surveillanc e robo t  whic h ha s t o 
watc h ove r  som e offices .  It s tas k require s tha t  i t  nav -
igate s fro m roo m t o room .  Th e Knowledge-Base d 
versio n o f  thi s robo t  coul d wor k a s follows .  Th e per -
ceptio n modul e processe s th e differen t  senso r  dat a 
and integrate s the m int o a  representatio n o f  th e envi -
ronment .  I t  attempt s t o updat e thi s mode l  a s ofte n 
as possible .  Th e mode l  include s informatio n suc h 
as th e locatio n o f  th e robo t  i n th e environment ,  th e 
locatio n an d typ e (ofte n even  identity )  o f  othe r  ob -
ject s i n thi s environmen t  suc h a s chairs ,  tables ,  etc . 
Th e mode l  i s  use d b y th e plannin g modul e t o de -
cid e ho w t o fulfil l  th e goa l  o f  finding  th e doo r  i n th e 
curren t  room ,  whil e avoidin g obstacles .  T h e plan -
ner  goe s throug h a  systemati c searc h t o produc e a 
a lis t  o f  action s whic h wil l  accordin g t o th e mode l 
fulfil l  bot h goals .  Th e executio n modul e execute s 
thi s pla n whil e possibl e checkin g a t  certai n point s 
whethe r  thing s ar e goin g a s predicted .  I f  not ,  con -
tro l  i s  returne d t o th e planner . 

A Behavior-Base d robo t  fo r  th e sam e tas k coul d 
be constructe d i n th e followin g way .  I n a n incremen -
ta l  way ,  severa l  module s woul d b e implemente d cor -
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respondin g t o th e differen t  competence s necessar y 
fo r  th e task :  a  modul e fo r  recognizin g an d goin g 
throug h doors ,  a  modul e fo r  wal l  followin g (actuall y 
wal l  followin g i s ofte n modele d a s a n emergen t  prop -
ert y o f  tw o t o thre e lower-leve l  modules) ,  a  modul e 
fo r  obstacl e avoidanc e (o r  eve n a  coupl e redundan t 
ones ,  usin g differen t  sensors ,  sinc e thi s i s a  ver y criti -
cal  competence) ,  an d s o on .  Al l  o f  thes e module s op -
erat e i n parallel .  A  simpl e arbitratio n schem e (som e 
simpl e suppressio n an d inhibitio n wire s amon g thes e 
modules )  suffice s t o implemen t  th e desire d priorit y 
scheme :  th e obstacl e avoidanc e module s alway s hav e 
priorit y ove r  goin g throug h door s whic h ha s prior -
it y ove r  wal l  following .  Thi s robo t  doe s no t  pla n a 
cours e o f  action .  Howeve r  fro m a n observer' s poin t 
of  vie w i t  wil l  appea r  t o operat e i n a  systematic , 
rationa l  way .  Brook s (1986)(1991 )  ha s argue d con -
vincingl y i n writin g an d i n actua l  demonstrations , 
whic h o f  th e tw o abov e robot s wil l  b e mor e abl e t o 
fulfil l  th e tas k i n a  robus t  jm d reliabl e way . 

An Interface Agent 

Consider the problem of building a "software agent" 
or  "interfac e agent "  whic h assist s th e use r  wit h cer -
tai n computer-base d tasks .  It s goa l  i s  t o offe r  as -
sistanc e t o th e use r  an d automat e a s m a n y o f  th e 
action s o f  th e use r  a s possible .  Knowledge-Base d 
AI  approache s thi s proble m i n th e followin g wa y 
(Sulliva n an d Tyler ,  1991) .  Th e agen t  i s give n a n 
elaborat e amoun t  o f  knowledg e abou t  th e proble m 
domaun b y som e Knowledg e Engineer .  Thi s knowl -
edg e contains :  a  mode l  o f  th e use r  an d possibl y th e 
user' s organization ,  a  mode l  o f  th e task s th e use r  en -
gage s in ,  includin g a  hierarchica l  specificatio n o f  th e 
subtasks ,  knowledg e abou t  th e vocabular y o f  thes e 
tasks ,  an d s o on .  A t  ru n time ,  th e agen t  use s thi s 
knowledg e t o recogniz e th e intention s an d plan s o f 
th e user .  Fo r  example ,  i f  a  U N I X use r  enter s a  com -
m a nd lik e "emac s paper.tex" ,  th e syste m deduce s 
tha t  th e use r  i s plannin g t o produc e a  writte n docu -
ment .  I t  the n plan s it' s  ow n cours e o f  actio n (th e 
goal  bein g t o assis t  th e user) ,  whic h fo r  exampl e 
migh t  consis t  o f  th e actio n sequence :  th e tex t  for -
mattin g c o m m a n d "late x paper.tex" ,  followe d b y th e 
previe w c o m m a n d "xdv i  papr.dvi "  an d th e printin g 
c o m m a nd "Ip r  paper.dvi" .  Th e problem s wit h thi s 
approac h ar e exactl y th e sam e one s a s thos e fo r  m o -
bil e robot s (cfr .  lis t  i n sectio n three) :  i t  i s  har d 
t o provid e suc h a  complet e an d consisten t  model , 
th e mode l  i s quickl y outdate d (a s th e user' s way s o f 
performin g task s change) .  Becaus e o f  th e computa -
tiona l  complexit y o f  th e approEich ,  th e syste m woul d 
reac t  ver y slow .  Al l  sort s o f  unpredicte d event s 
migh t  tak e plac e whic h th e agen t  canno t  dea l  wit h 
(th e use r  migh t  chang e his/he r  min d abou t  wha t  t o 
do i n th e middl e o f  things ,  o r  migh t  perfor m task s 
i n unorthodo x non-rationa l  ways) ,  etc . 

Instea d a  Behavior-Base d interfac e agen t  ca n b e 
buil t  a s follow s (Maes ,  1992 )  (Koziero k an d Maes , 
1992) .  Severa l  competenc e module s ar e constructe d 

whic h ar e expert s (o r  tr y t o becom e experts )  abou t 
a smal l  aspec t  o f  th e task .  Fo r  example ,  on e mod -
ul e migh t  b e responsibl e fo r  invokin g a  particula r 
c o m m a nd (lik e "Ipr" )  a t  a  particula r  moment .  Th e 
agen t  i s situate d i n a n environmen t  containin g a n 
idea l  sourc e fo r  learning :  th e user' s behavior .  Eac h 
of  th e module s gather s informatio n b y observin g th e 
user  an d keepin g statistic s abou t  a  particula r  aspec t 
of  th e user' s behavior .  Fo r  example ,  th e abov e men -
tione d modul e wil l  kee p trac k o f  th e situation s i n 
whic h th e use r  execute d th e "Ipr "  command .  When -
eve r  a  ne w situatio n come s u p whic h i s ver y simila r 
t o on e o f  on e o r  mor e memorize d situations ,  i t  actu -
all y offer s t o th e use r  t o execut e th e "Ipr "  command . 
I f  w e hav e severa l  expert s fo r  th e differen t  command s 
liste d above ,  eac h o f  thes e wil l  kno w whe n t o becom e 
activ e an d offe r  thei r  assistanc e t o th e user .  Fro m 
an observer' s poin t  o f  view ,  i t  wil l  see m a s i f  th e 
syste m "understands "  th e intention s o f  th e user ,  a s 
i f  i t  know s wha t  th e tas k o f  producin g a  documen t 
involves .  Nevertheless ,  th e actio n sequence s ar e jus t 
an emergen t  propert y o f  a  distribute d system .  Th e 
syste m wil l  smoothl y adap t  t o th e changin g habit s 
of  th e user ,  wil l  reac t  i n a  fas t  way ,  wil l  neve r  com -
pletel y brea k down ,  an d s o on . 

A Scheduling System 

Finally, consider the problem of building a schedul-
in g system ,  whos e goa l  i t  i s  t o allocat e processe s 
t o processor s i n real-time .  Agai n th e domai n i s a 
ver y dynami c one :  ne w processin g job s ar e formu -
late d i n differen t  machine s al l  th e time .  Th e deci -
sio n t o b e m a d e i s whethe r  t o ru n thes e processe s 
locall y o r  o n a  differen t  machine ,  th e globa l  goa l  be -
in g t o minimiz e th e averag e amoun t  o f  tim e i t  take s 
t o ru n a  process .  Th e load s o f  th e differen t  avail -
abl e machine s var y continuously .  Certai n machine s 
migh t  suddenl y becom e unavailabl e fo r  schedulin g 
processes ,  requirin g a  reschedulin g o f  th e job s tha t 
wer e runnin g o n thos e machine s a t  th e time ,  an d 
so on .  A  Knowledge-Base d syste m fo r  thi s tas k 
woul d contai n a  lo t  o f  knowledg e abou t  schedulin g 
and abou t  th e particula r  configuratio n o f  machine s 
and typica l  processin g job s a t  hand .  Th e syste m 
woul d updat e it s representatio n o f  th e curren t  situ -
atio n a s ofte n a s possible .  Thi s require s gatherin g 
al l  th e dat a fro m th e differen t  machine s i n th e net -
wor k o n whethe r  the y ar e stil l  available ,  wha t  thei r 
workloa d is ,  whic h processe s the y ar e running ,  whic h 
ne w processe s wer e formulate d o n them ,  etc .  Onc e 
al l  thi s informatio n ha s bee n centralized ,  th e sys -
te m woul d perfor m a  systemati c searc h (possibl y in -
volvin g som e heuristics )  fo r  th e mos t  optima l  alloca -
tio n o f  processe s t o processors .  Onc e tha t  schedul e 
has bee n produced ,  th e processin g job s ca n actu -
all y b e sen t  t o th e differen t  machine s tha t  the y hav e 
been assigne d to .  Thi s centralize d wa y o f  solvin g th e 
proble m i s presen t  i n th e majorit y o f  th e traditiona l 
wor k i n thi s are a (Kleinroc k an d Nilsson ,  1981) . 

Malon e ha s propose d a  differen t  solutio n t o thi s 
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proble m (Malon e et.al ,  1988) ,  whic h on e coul d cal l 
Behavior-Based .  I n hi s "Enterprise "  system ,  eac h o f 
th e machine s i n th e networ k i s autonomou s an d i n 
charg e o f  it s ow n wor k load .  Th e syste m i s base d 
on th e metapho r  o f  a  market .  A  machin e o n whic h 
a ne w processin g tas k originates ,  send s ou t  a  "r e 
quest s fo r  bids "  fo r  th e tas k t o b e done .  Othe r  ma r 
chine s respon d (i f  the y fee l  lik e it )  wit h bid s givin g 
estimate d completio n time s whic h reflec t  thei r  spee d 
and currentl y loade d files.  Fo r  example ,  i f  th e tas k 
t o b e performe d i s a  graphic s renderin g jo b an d som e 
machin e ha s tha t  softwar e loaded ,  i t  wil l  b e mor e in -
tereste d i n runnin g th e ne w jo b (becaus e i t  doe s no t 
hav e d o wast e tim e an d spac e loadin g th e necessar y 
software) .  Th e machin e whic h sen t  ou t  th e reques t 
fo r  bid s wil l  collec t  th e bid s i t  receive s ove r  som e 
smsdl  perio d o f  tim e an d allocat e th e jo b t o th e ma -
chin e whic h mad e th e bes t  bi d (eithe r  remot e o r  lo -
cal) .  Thi s distribute d schedulin g metho d wa s foun d 
t o hav e severa l  advantages .  Th e syste m i s ver y ro -
bust  becaus e non e o f  th e machine s i s mor e critica l 
tha n anothe r  on e (ther e i s n o centra l  scheduler) .  A 
user  ca n mak e a  machin e unavailabl e fo r  externa l 
processin g job s a t  run-time .  Th e whol e syste m wil l 
adap t  smoothl y t o thi s unexpecte d situation .  Th e 
syste m i s ver y simpl e an d ye t  ver y flexible  i n term s 
of  th e kin d o f  factor s i t  ca n tak e int o account . 

7. Discussion 

Behavior-Based AI represents an exciting new ap-
proac h t o th e stud y o f  intelligence .  S o far ,  Behavior -
Based A I  ha s demonstrate d severa l  "proofs-of -
concept "  o f  it s  approach .  I n particular ,  successe s 
have bee n booke d i n th e are a o f  autonomous ,  sit -
uate d systems .  Severa l  prototype s hav e bee n buil t 
whic h hav e show n t o solv e som e reasonabl e difficul t 
tas k i n a  real ,  dynami c domain .  Thes e initia l  result s 
ar e ver y promising ,  bu t  ar e fa r  fro m representin g a 
solid ,  systemati c methodology . 

I n orde r  fo r  th e ne w approac h t o b e mor e founded , 
more fundamenta l  researc h ha s t o b e undertaken . 
Firs t  o f  all ,  w e nee d t o understan d th e classe s o f 
problem s Behavior-Base d A I  i s tryin g t o dea l  wit h 
much better ,  s o tha t  i t  become s possibl e t o criti -
call y compar e particula r  system s an d proposals .  Fo r 
example ,  man y differen t  model s o f  actio n selectio n 
have bee n proposed ,  bu t  unles s w e understan d th e 
proble m o f  actio n selectio n better ,  an d hav e a  lis t  o f 
desiderat a fo r  solutions ,  w e d o no t  hav e an y groun d 
t o compar e th e differen t  proposalŝ . 

Asid e fro m bette r  evaluatio n criteria ,  w e nee d a 
bette r  understandin g o f  th e underlyin g principle s o f 
Behavior-Base d AI .  Withou t  a n underlyin g theory , 
i t  wil l  no t  b e possibl e t o scal e th e approach .  I n par -
ticular ,  i t  i s  importan t  t o understan d th e mecha -
nism s an d limitation s o f  emergen t  behavior .  Ho w 
can a  globall y desire d structur e o r  functionalit y b e 

^Some peopl e hav e starte d makin g suc h lists ,  e.g . 
(Brooks ,  1991b) ,  (TyreU ,  1992 )  an d (Maes ,  1990 ,  1990) . 

designe d o n th e basi s o f  loca l  rules ? Wha t  ar e th e 
condition s an d limitation s unde r  whic h th e emer -
gent  structur e i s stable ? an d s o on .  Som e first 
step s toward s a  theor y o f  emergen t  functionalit y 
have bee n proposed ,  usin g tool s fro m comple x dy -
namic s (Steels ,  1991 )  (Kiss ,  1991) . 
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